Photobleaching limits extended imaging of fluorescent biological samples. Here, we developed DNA origami-based "Fluorocubes" that are similar in size to the green fluorescent protein (GFP), have single-point attachment to proteins, have a 50-fold higher photobleaching lifetime and emit 40-fold more photons than single organic dyes. We demonstrate that DNA Fluorocubes provide outstanding tools for single-molecule imaging, allowing the tracking of single motor proteins for >800 steps with nanometerprecision.
Introduction
Imaging proteins and macromolecular complexes at the single-molecule level is a powerful method to study distribution, stoichiometry, dynamics and precise motion of molecular machines 1 . To achieve high spatiotemporal resolution, proteins of interest are often labeled with luminescent probes 1 . An ideal probe is photostable, (continuously) bright, small, and can be monovalently attached to biological molecules. While organic dyes 2,3 and fluorescent proteins 4 fulfill the latter two criteria, they often suffer from photobleaching, which leads to a low signal. Alternative probes such as quantum dots 2, 5 and other fluorescent nanoparticles 6 are very bright and extremely photostable, but frequently exhibit large fluctuations in intensity (blinking). The relatively large (~15 nm) size of these probes ( Supplementary Fig. 1 a ) can perturb protein function and complicates multicolor labeling of proteins 2, 3, 5 . Large probes often lack control over surface chemistry, which can lead to multiple proteins attaching to the same fluorescent probe 7 . Here, we developed small (6 nm) DNA-based Fluorocubes that have single-point attachment, exhibit continuous emission, emit up to~40-fold more photons than single organic dyes, and are ~50-fold more photostable than single organic dyes.
Results
Previous work established that organic dyes placed within 2 nm result in quenching 7 , while dye spacing of >5 nm results in a linear intensity increase with the number of dyes 8 . We were interested in the properties of probes separated by 2 to 5 nm. To set the position of dyes with nanometer precision, we took advantage of tools from DNA nanotechnology [8] [9] [10] . Using the scaffold-free DNA origami approach 11 , we designed a DNA Fluorocube composed of four 16 base-pair (bp) long double-stranded DNA helices with organic dyes positioned at six of its eight corners ( Fig. 1 a, b, Supplementary Fig. 1 b ) . We reserved one position for the placement of a HALO-ligand, benzylguanine (for SNAP tag), thiol, biotin, or amine to label proteins at specific locations ( Fig. 1 b ). Since small DNA nanostructures are difficult to assemble because of high electrostatic repulsion to a cover slip (Glass) with biotinylated BSA, and streptavidin (SA). Then movies with 7,500 frames total and 400 ms exposure each are recorded under continuous laser illumination. Intensity traces of single-molecules are analysed for time in "on" state, total number of photons and number of photons per frame. A detailed description of the analysis can be found in Online Methods . ( i ) Photostability of Cy3 Fluorocubes and Cy3 Single Dye Cubes. The survival rate was quantified by counting the percentage of probes in the "on" state at any given time from 0 to 3,000 seconds. Opaque color is the standard error of the mean of four repeats with more than 500 molecules each. Once all probes photobleached data analysis was terminated. This is indicated by the dashed line. Supplementary Figure 5, 6, and 11 . "Cy3" stands for the non-sulfonated version of Cy3 whereas"Cy3N"standsforthesulfonatedversionofCy3."n.m."isnotmeasured.
between the negatively-charged DNA strands 12 , we optimized the folding yield and determined the structural integrity of the DNA Fluorocubes after thermal annealing. Using agarose gel electrophoresis, we measured a folding yield of over 60% ( Fig. 1 c, Supplementary Fig. 1 c ) . Negative stain transmission electron microscopy (TEM) showed that Fluorocubes assembled into the desired shape ( Fig. 1 d, Supplementary Fig. 1 d ). However, we noticed some dye-dependent shape changes; Fluorocubes with ATTO dyes assembled into cubes with the predicted size, whereas Fluorocubes made with non-sulfonated cyanine dyes folded into slightly larger cubes with a hollow center ( Supplementary Fig. 2 ). Overall, the protocol for the assembly of DNA Fluorocubes is easy and optimized for high yield.
Next, we compared DNA Fluorocubes to one single dye attached to the same DNA-origami scaffold (Single Dye Cube) for several different dyes such as ATTO 488, ATTO 565, ATTO 647N, Cy3, or Cy5. Surface-immobilized Fluorocubes and Single Dye Cubes were imaged using total internal reflection fluorescence (TIRF) microscopy ( Fig. 1 e-h ). Single Dye Cubes showed roughly constant intensity over time and then one-step photobleaching disappearance ( Fig. 1 f,   Supplementary Fig. 3 ). Fluorocubes, on the other hand, often increased in brightness during the time of acquisition ( Fig. 1 g, Supplementary Fig.   3 ).
Using the intensity traces of many Fluorocubes and Single Dye Cubes, we quantified the total "on" time as a measure of photostability, the total number of photons emitted, the average number of photons per frame as a measure of brightness, and the coefficient of variance as a measure of blinking ( Fig. 1 h, Supplementary Fig. 4 a ) .
Overall, Fluorocubes are significantly more photostable than Single Dye Cubes. For instance, after 99% of the Cy3 Single Dye Cubes bleached, more than 80% of the Cy3 Fluorocubes were still in the "on" state, resulting in an increased half-life of more than 50-fold ( Fig. 1 i, l ). However, we noticed a strong dye-to-dye variability ( Fig. 1 l,   Supplementary Fig. 5 , Supplementary Movies 1-5, Supplementary Table 3 ). While Cy3 Fluorocubes had about 90% of probes in the "on" state after 600 sec of continuous 561 nm laser illumination (120 W/cm 2 ), ATTO 565 Fluorocubes had only about 10% of probes in the "on" state ( Fig. 1 i, Supplementary Fig. 5 a ) . As expected based upon this increased photostability, the total number of photons per Fluorocube before photobleaching was up to 40-fold higher compared to Single Dye Cubes ( Fig. 1 j, m ). Specifically, Cy3 Fluorocubes emitted an average of 1.57 ± 0.04 x 10 7 photons, whereas Cy3 Single Dye Cubes emitted 3.90 ± 0.10 x 10 5 photons, similar to previous reports 13 . Even though there are 6-fold more dyes, the brightness of the Fluorocubes was similar to the Single Dye Cubes ( Fig. 1 k, n, Supplementary   Fig. 5 ). The Fluorocubes displayed a slight increase in the coefficient of variance of photon emission ( Supplementary Fig. 4 ). This slight increase is not caused by dark states like for quantum dots 2,7 , but rather by brightness increases during imaging ( Supplementary Fig. 3 ). In addition to the dyes listed above, we also tested Fluorocubes with Janelia Fluorophores JF549 and JF646 14 and found that JF646 Fluorocube has a similar increase in photostability to the Cy3 Fluorocube, while the JF549 Fluorocube shows a much smaller gain in photostability ( Fig. 1 l-n, Supplementary Fig. 6 ). Taken together, most DNA Fluorocubes have significantly greater photostability than single dyes ( Fig.1l -n ) and emit up to 40-fold more photons.
Since quantum dots are very bright and photostable, we compared the photophysical properties of ATTO 647N Fluorocubes to 655 Qdot Nanocrystals. While these quantum dots emit about four-fold more photons and are about four-fold brighter on average than ATTO 647N Fluorocubes, quantum dots blink significantly more than DNA Fluorocubes ( Supplementary Fig.   7 ). Moreover, quantum dots tend to enter dark states in which they do not emit photons for a couple of seconds ( Supplementary Fig. 7 a ) , making it difficult to track quantum dots continuously.
Next, we examined how DNA Fluorocubes respond to a wide range of excitation powers and whether they are influenced by oxygen scavenger 15 or triplet quencher 16 . Fluorocubes showed a linear increase in intensity until saturation, similar to Single Dye Cubes ( Supplementary Fig. 8 a-c ) and performed better with oxygen scavenger and triplet quencher ( Supplementary Fig. 8 d-f ). However, even without these aids, Fluorocubes outperformed Single Dye Cubes with the oxygen scavenger system and triplet quencher. We also measured absorption and emission spectra ( Supplementary   Fig. 9 ), fluorescence lifetime and anisotropy ( Supplementary Fig. 10 ), but we did not find any parameter that correlated with a change in photostability of dyes when coupled to a Fluorocube. The hole sizes in different DNA Fluorocubes, as seen with negative stain TEM ( Supplementary   Fig. 2 ), suggested charge may influence the assembly and performance of Fluorocubes. We therefore compared sulfonated Cy3 dyes to the non-sulfonated version described earlier. By TEM, we saw that the hole in the DNA origami was smaller for the sulfonated Cy3 ( Supplementary   Fig. 2, Supplementary Table 3 ). The sulfonated Cy3 emitted twice as many photons as the non-sulfonated Cy3 while having similar photostability ( Fig. 1 l, m, Supplementary Fig. 11 , Supplementary Table 3 ). These data show that charge and hydrophobicity of cyanine dyes attached to the DNA Fluorocube scaffold influence its performance. We next tested whether Fluorocubes can be attached to proteins and used for prolonged readouts of activity. For this purpose, we labeled an ultra processive kinesin KIF1A 17 with ATTO 647N Fluorocubes using a C-terminal HALO-tag ( Fig. 2 a ) and imaged it moving along axonemes. Labeling kinesin with a single Fluorocube enabled us to record more than 800 steps of an individual motor with nanometer precision ( Fig. 2 a, b,   Supplementary Movie 6 ). The trace in Figure 2 revealed an on-axis step size of 7.8 nm with almost no off-axis stepping ( Fig. 2 d, e ) which is in good agreement with previous reports 17, 18 (discussion in Supplementary Fig. 12 ). Thus, Fluorocubes do not interfere with protein function. Moreover, using Fluorocubes allowed us to collect more than 6,000 data points of an individual motor compared to approximately 200 data points that can be collected at a similar resolution with a single organic dye 19, 20 . By recording very long traces, we could detect occasional pausing and velocity fluctuations within the trace of an individual kinesin ( Fig. 2 c ) . Previous work demonstrated that different kinesins can have different velocities 21 , but our prolonged observations showed that even individual kinesins undergo considerable velocity fluctuations over time.
Discussion
In summary, we developed small (6-nm), ultra-photostable fluorescent probes. We have shown that some dyes -bound to DNA Fluorocubes -emit over 40-fold more photons than single organic dyes. Further improvement of DNA Fluorocubes could be made by using other dyes such as self-healing fluorophores 13 , by adding DNA intercalating dyes 22 , by increasing the number of fluorophores on the Fluorocube 8 , by changing the spacing between dyes (either by changing the cube size or by alternating the dye linker length) 7, 12 , or by changing the DNA sequence close to the fluorophores 23 . A full understanding of the photo-physical mechanisms underlying DNA Fluorocube photostability remains to be uncovered but we speculate that resonance energy transfer between individual dyes in a Fluorocube plays an important role in this phenomenon. DNA Fluorocubes are easily prepared from commercially available reagents and can be attached to all commonly used protein tags, making them simple to use for in vitro studies. Here, we measured the walking of kinesin for extended periods of time, without any evidence of perturbation by the probe. We anticipate that DNA 
Methods
Flow-cell preparation. Flow-cells were assembled as previously described 27 . Briefly, we made custom three-cell flow chambers using laser-cut double-sided adhesive sheets Assembly and analysis of DNA Fluorocubes. For each Fluorocube four 32 bp long oligonucleotide strands are required, each modified either with dyes or a functional tag such as biotin or HALO-ligand 28 ( Supplementary Fig. 1b,   Supplementary Table 1, 2 ). These four oligos were mixed to a final concentration of 40 μM in folding buffer ( Negative stain electron microscopy data collection and processing. For negative-stain EM, unpurified, but folded Fluorocubes at 300 nM were incubated on freshly glow discharged carbon coated 400 mesh copper grids for 1 min and blotted off. Immediately after blotting, a 0.75% uranyl formate solution was applied for staining and blotted off without incubation. This staining was repeated four times and followed by a last incubation for which the stain was incubated for 45 sec before blotting. Samples were allowed to air dry before imaging. Data were acquired at UCSF, on a Tecnai T12 microscope operating at 120 kV, using a 4k×4k CCD camera (UltraScan 4000, Gatan) and a pixel size of 1.7 Å/pixel. For the class average in Figure 1 d , 1 ,743 Particles were picked and boxed using EMAN 2.21 30 . Then a 2D
classification was performed to remove junk and noisy particles, leading to 983 particles selected. Columns (Bio-Rad) at 700 g for 2 min. The final oligo concentration was determined with a UV spectrophotometer.
Mono
Afterwards Fluorocubes were assembled as described above.
Preparation of flow-cells with DNA Fluorocubes, Single
Dye Cubes and quantum dots. The preparation of flow cells is identical for 6-dye cubes (Fluorocubes) or 1-dye Cubes (Single Dye Cubes). In either case, the Fluorocubes were folded with biotin as the functional tag. We first added 10 µ l Measurements of anisotropy, lifetime, absorption and emission spectra. We determined anisotropy, lifetime, as well as absorption and emission spectra using an ISS K2 multifrequency fluorometer in bulk measurements. All experiments were performed at room temperature (21-23 °C).
Instrument settings for the anisotropy measurements are listed in Supplementary Table 5 , settings for the fluorescence lifetime measurements are listed in Supplementary Table 6 , and settings for the absorption and emission spectra are listed in SupplementaryTable7 .
Kinesin cloning, purification and labeling. The kinesin construct was cloned and purified as previously described 17 except that the GFP was replaced with a HALO-tag 28 .
The plasmid was transfected and expressed in Agilent 
Preparation of flow-cells with kinesin.
Single-molecule assays with kinesin in flow-cells were prepared as previously described 17, 19 . We first added 10 µ l of Alexa 488 labeled axonemes in BRB80 ( 80 mM Pipes (pH 6. Figure   8 for which the exposure time was used as listed in The acquisition software was μManager 31 2.0. All emitters were fitted and localized using μManager's 31 
Supplementary

"Localization
Microscopy' plug-in as previously described 27 . Parameters for analysis are shown in Supplementary Table 10 . Tracks of individual motors were extracted using the μManagers 31 "Localization Microscopy' plug-in. We set the minimum frame number to 1000, the maximum number of missing frames to 100, the maximum distance between frames to 100 nm and the total minimum distances of the full track to 500 nm. Then tracks of individual motors were rotated using a principal component analysis (PCA) implemented in python.
Afterwards we used a custom Matlab (Matlab R2016b) script to identify individual steps using Chung-Kennedy edge-detecting algorithm as previously described 32 and further analyzed the data in a custom written python script.
Only steps for which the step itself and the previous as well as following step had a standard deviation of less than 4 nm were considered for further quantification. The velocity over time for the stepping trace of a single kinesin was analyzed with a moving average for which we first binned the data into 2.6 sec bins and then grouped six of these 2.6 sec bins into 15.6 sec bins. We used these 15.6 sec bins to calculate the average velocity at any given point, but used the 2.6 sec intervals to move along the time axis. 
